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Abstract — Additional surface conductance is the excess of total surface conductance over the conductivity of 
a diffuse electrical layer. The theoretical calculation of this value is based on a concept of the porous surface 
layer of a colloidal particle. The charge of the porous layer is described by the Stern—Langmuir isotherm. Spe- 
cific calculations have been performed for the special case of a thin porous layer when the dependence of the 
potential on the layer thickness can be neglected. When the layer is strongly charged, the additional surface con- 
ductance is low compared to the surface conductance of a diffuse layer, but when the layer charge is small, the 
additional surface conductance predominates. The effect of low-frequency dispersion of the dielectric constant 


must be used for the measurements of the low values of surface conductance. 


INTRODUCTION 


Currently, the important contribution of the surface 
conductance of colloidal particles to the total pattern of 
electrokinetic phenomena is beyond question. Numer- 
ous direct and indirect experimental data (electrical 
conductivity, electrophoresis, dispersion of the dielec- 
tric constant) for different objects distinctly indicate 
that the surface layer of dispersed particles is character- 
ized by increased electrical conductivity. Theoretical 
phenomenological models were developed to enable 
the prediction of the influence of surface conductance 
on the effects listed above (and, vice versa, they allow 
the calculation of unknown surface conductance from 
the measurements of these effects). 


The physical models of surface conductance that 
must reveal the factors that determine surface conduc- 
tance (and, vice versa, the internal properties of surface 
that can be judged from the conductivity) are less elab- 
orated. For a long time, the Bickerman formula {1] was 
the only result of this type: 


t/2 


(D* (e* -1) + D (e”"-1)), 


RT« 


where k = joni’ is the reciprocal Debye radius, D* 


and D- are the diffusion coefficients of cations and 
anions, and € is the dimensionless electrokinetic poten- 
tial (from now on, we use the dimensionless potential 


that depends on a dimensional potential € = F C /RT). 
The Bickerman mechanism is of a general nature, as is 


the diffuse electrical double layer itself. However, anal- 
ysis of the results of numerous electrosurface measure- 


ments in terms of equation (1) showed [2] that, for a 
variety of objects, only a small part of the surface con- 
ductance observed can be derived from measured zeta- 
potentials. Thus, total surface conductance Ky can be 
represented in the form 


Ky= Ks, + Ksg, (2) 


where Ksg is the Bickerman surface conductance 
described by equation (1) and Ks, is the additional sur- 
face conductance whose nature must be revealed. 


The model of Dukhin and Semenikhin [3] suggests 
that additional surface conductance is realized in the 
hydrodynamically immobile part of a diffuse electrical 
double layer. Thus, total surface conductance is given by 
formula (1), including the total jump of potential in the 
electrical double layer ‘¥; that exceeds electrokinetic 
potential C. This model can be improved on the basis of 
an assumption that the mobility of ions in the hydrody- 
namically immobile layer are lower than in the bulk. 

In this work, we study another model — additional 
surface conductance is realized in the so-called porous 
surface layer (gel layer) surrounding colloidal particles. 
Lyklema [4] was the first to introduce the concept of a 
porous surface layer to explain the results of measure- 
ments of the surface charge. In subsequent works [5, 6], 
this model was elaborated to fit the titration of suspen- 
sions. However, until now, it has seldom been used in 
the theory of electrokinetic phenomena (in particular, 
of surface conductance). 


GENERAL FORMULATION OF THE PROBLEM 
Consider an electrolyte of arbitrary composition 
that contains ions with an algebraic charge z; (z; are pos- 
itive for cations and negative for anions) in concentra- 
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Fig. 1. The potential distribution in a surface layer: (7) thin 
isopotential gel-layer, (2) gel-layer of intermediate thick- 
ness, (3) infinitely thick gel-layer, (4) gel-layer, (5) the par- 
ticle bulk impermeable to ions. 


tions C; (i= 1... N, N is the number of ion types). This 
solution is in equilibrium with the flat porous layer of 
Hi thickness that covers the particle impermeable to 
ions. Ions can be adsorbed in the porous layer accord- 
ing to equation [7] 


Q,K Ce" 


A, = 
1+K,C,e* 


(3) 


where K; is the constant of adsorption affinity for ion i, 
Q; is the concentration of adsorption sites for ion i, and 
Y is the electric potential. Assume that adsorbed ions 
are characterized by the diffusion coefficient D;; which 
is less than the bulk diffusion coefficient D;. Then, the 
additional surface conductance is given by the equation 


2 H 
F 
Ky = api Dis | A; (x) dx, (4) 
0 


(from now on, the sign >, means summation over all 


types of ions > = yi 1) 


To calculate the integrals in (4) that are equal to the 
ion excess in a porous layer, we must determine a 
potential profile from the Poisson—Boltzmann equation 
and corresponding boundary conditions. 


It is intuitively clear that the key parameter deter- 
mining the potential profile in the surface layer is the 
thickness of the electrical double layer in gel: when the 
surface layer thickness is considerably greater than the 
thickness of the double layer, almost the entire surface 
layer has the same potential, known as the Donnan 
potential. This potential corresponds to electroneutral 
gel: due to its value and sign the potential hinders the 
adsorption of strongly adsorbed ions with a high affin- 
ity to the surface (potential-determining ions), and pro- 
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motes the adsorption of ions with a low affinity. An 
equation for the Donnan potential yp is 


SizAi(¥p) = 0. (5) 


Even when the potential inside a surface layer of 
moderate thickness is less than the Donnan potential 
(Fig. 1), the latter is the important and convenient 
parameter determining the surface layer behavior. 


When the thickness of the surface layer is much less 
than the double layer thickness, the potential inside this 
layer is almost constant (formally, this fact follows 
from the absence of surface charge at the solid—gel 
interface; i.e., the potential derivative at this point is 
zero). This surface layer may be called isopotential. 


ISOPOTENTIAL SURFACE LAYER: 
QUALITATIVE ANALYSIS 


The potential of an isopotential surface layer is the 
same as the C-potential and always less than the Don- 
nan potential. In this case, the concentration of the 
potential-determining ions (these ions in the diffuse 
part of a double layer are coions) exceeds the concen- 
tration of counterions. The difference between the con- 
centrations depends on the ratio of the adsorption affin- 
ities of coions and counterions. When this ratio is high, 
the C-potential and the ratio of the concentrations are also 
high, indicating virtually that, in this case, counterions 
are excluded from the surface layer and its charge 
depends only on coions. When the difference between 
the affinities is small, the C-potential is also low, and the 
concentrations of coions and counterions differ only 
slightly; i.e., quasi-equivalent adsorption takes place [8]. 

Additional surface conductance will be observed 
only when the mobilities of the ions adsorbed in a sur- 
face layer differ from zero. In our opinion, there is no 
reason to exclude a priori such a possibility both for 
coions and counterions. To simplify analysis, we 
assume that all these mobilities are the same: Dj, = Ds. 
Then, the additional surface conductance is propor- 
tional to the sum of the absolute values of the charges 
of all the adsorbed ions (the sum of adsorptions for ions 
of all types when only ions of valency 1 are present). 


Thus, when the C-potential is high, the additional 
surface conductance is proportional to the charge of the 
surface layer, but this charge, in turn, equals the electro- 
kinetic charge of the diffuse part of the electrical double 
layer; this latter charge determines the Bickerman com- 
ponent of total surface conductance. Thus, the addi- 
tional surface conductance for sufficiently strongly 
charged particles is expected to be, at least, commensu- 
rable with the Bickerman surface conductance. How- 
ever, more probably, the additional surface conduc- 
tance will be less than the Bickerman surface conduc- 
tance because of the low mobility of ions in the surface 
layer. 

When the C-potential is low and quasi-equivalent 
adsorption is realized, the sum of adsorptions can 
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essentially exceed their difference; i.e., the surface 
layer charge that equals the electrokinetic charge can 
constitute only a small part of the total number of the 
charge carriers in the surface layer. In this case, the 
additional surface conductance will strongly predomi- 
nate over the Bickerman conductance, and the mea- 
surements of surface conductance provide direct infor- 
mation on the surface layer properties. 

Thus, in studying surface conductance of the parti- 
cle with a thin surface layer, we have two different sit- 
uations for high and low C-potentials. In the first case, 
the Bickerman surface conductance predominates over 
additional surface conductance; in the second case (low 
C-potential), the additional surface conductance can 
predominate. The next section is devoted to quantita- 
tive considerations of this reasoning. 


ISOPOTENTIAL SURFACE LAYER: 
QUANTITATIVE CONSIDERATION 


We simplify the general adsorption equation (3) by 
using the Henry approximation. Assume that concen- 
trations of ions are so small that we can neglect the iso- 
therm saturation: 


A,=OK.Ce° =GCe™, ) 
where G; = Q;K;. For further simplicity, assume that the 
charges of all ions in the system are either +1 or —1. 
(These simplifications make it possible to isolate the 
specific features from many other parameters inherent 
to this problem in its initial form.) We denote 


Co = > G= YC 


zZ=41 z,=-1 


S = >; G,C;; 
z,=H1 


Attention must be drawn to the strong degeneration 
of the initial problem: the charge of the surface layer is 
expressed in terms of two combined parameters (S* and 
S7) and the additional surface conductance, in terms of 
four such parameters (S* and T*) at any number of ion 
types, whereas the total number of parameters amounts 
to 2N. This specific feature of the problem under con- 
sideration essentially hinders restoration of the original 
characteristics of the individual ion types because usu- 
ally, in analyzing experimental data, no less than four 
types of ions (the cation and the anion of the reference 
electrolyte, hydrogen ions, and hydroxyls) must be 
taken into account. 

By equating the charge of the surface layer to the 
charge of the diffuse electrical double layer, we obtain 
an equation for the C-potential [8]: 


T= > DsG,C,. 


z, =H! 


4nF’H 
RT 


(Ste*—S-e°) = 2exsinh(C/2) (7) 
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Fig. 2. The dependence of the C-potential of a thin surface 
layer on the Donnan potential and v parameter: v = (1) 0.1, 
(2) 1, and (3) 10. 


or 
2Cy 

KH Js*s” 

In deriving equation (8), we used the equation for 


the Donnan potential (5). Taking into account the above 
designations, we can write the latter in the form 


sinh (¥,—¢) =vsinh(€/2); v= 


(8) 


_¥ 
=Se°? 


See ; Wy = gin(S*/S). 

The dependence of the C-potential on Yp and v 
parameters is shown in Fig. 2. Note that this depen- 
dence is linear at v = 1; when the Donnan potential is 
constant, the C-potential increases as v decreases, i.e., 
as the thickness of the surface layer increases. 


The expression for additional surface conductance 
takes the form 


FH 

RT 
2F'HD, rr 

eT $,/S*S cosh (¥,-6), 


and the Bickerman component of surface conductance 
(1) develops an appearance 


4F°C,D eG 
Re [60s (€/2) -1], 


Ks, = a (Tre t+ Te’) 


(9) 


Ksp = (10) 


(here all bulk values for diffusion coefficients are addi- 
tionally assumed to be the same: D; = D). 


The ratio of these two parts of surface conductance is 


Ks, | Dv{cosh(€/2) - 1] 


11 
_ D1 +v°'sinh’ (C/2) o 


~ Dv [cosh (6/2) -1] ° 
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Fig. 3. The dependence of the ratio between the additional 
surface conductance Ks, and the Bickerman surface con- 


ductance Kz on the C-potential and v parameter: v = (Z) 0.1, 
(2) 1, and (3) 10. 
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Fig. 4. The dependence of (J - 3) the additional surface con- 
ductance Ks, and (4) the Bickerman surface conductance 


Ks, on the C-potential and v parameter: (/) 0.1, (2) 1, and 
(3) 10. 
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Fig. 5. The dependence of the additional surface conduc- 
tance Ks, on the v parameter and the Donnan potential: 


Yop = (1) 0.25, (2) 1, and (3) 5. 


The latter equation is obtained in terms of equation (7). 
The limiting value for this ratio at a high C-potential is 


Ks,| Ds 
K SBC > 1 D 

Thus, the additional surface conductance of a thin, 
strongly charged surface layer is always lower than the 
Bickerman surface conductance of the diffuse electrical 
double layer. Figure 3 shows dependence (11) at arbitrary 
‘Pp values. The curves correspond to hundredfold varia- 
tions of v; i.e., the concentration varies 10000 times. 
These changes result, however, in rather slight varia- 
tions in the Ks, /Ksg ratio (the ratio between the maxi- 
mum and minimum values does not exceed 5 at 
€=0.25). We can assume, therefore, that the ratio 
shown in Fig. 3 is independent of the electrolyte con- 
centration and is determined only by the Donnan poten- 
tial; 1.e., by the ratio of adsorption affinities. As is seen 
from Fig. 3, the Bickerman component predominates at 
¢ < 2 and the additional surface conductance, at € > 2 
(this ratio increases infinitely as v decreases because, at 
the isoelectric point the Bickerman component equals 
zero and the additional surface conductance has a finite 
value). 


Consider more thoroughly the behavior of K;, and 
Ksz values (Figs. 4 and 5). When they are considered as 
functions of C-potential, the Bickerman surface con- 
ductance is independent of the v parameter, which 
characterizes the internal properties of the surface 
layer. This value increases proportionally to C? at low 
C-potentials and proportionally to ¢4/? at high ¢-poten- 
tials. Two linear portions of the curve on the plot 
(Fig. 4) in half-logarithmic coordinates correspond to 
these limiting cases. 


The additional surface conductance evidently 
depends on the diffusion coefficient of ions in the surface 
layer (for convenience of analysis, we put D;/D = 0.1; 
this dependence is not shown on the plots). The depen- 
dence of the additional surface conductance on v (this 
parameter has no explicit physical meaning) is much 
more complicated (Fig. 5). v increases slowly as the Cy 
concentration decreases, it increases as the surface 
layer thickness decreases, and decreases slowly when 
the Henry constants G* increase. As is seen from Fig. 5, 
the additional surface conductance increases as Vv 
decreases; this increase is especially high at low v val- 
ues. Generally, it may be concluded that an increase in 
the layer thickness increases the additional surface con- 
ductance. 


ISOPOTENTIAL SURFACE LAYER 
AND OTHER MODELS 


The model of the isopotential surface layer that 
adsorbs the potential-determining ions is not the only 
possible model for the additional surface conductance. 
The model of a charged adsorption monolayer [2] and 
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the model of a surface with mosaic charges [9 - 11] are 
being considered in literature. 


Formally, the monolayer model and the thin surface 
layer model cannot be distinguished because, in both 
models, the adsorbed ions are in equal conditions at the 
same potential. The difference between them is as fol- 
lows: in the monolayer model, the maximum charge 
(and, therefore, the maximum additional surface con- 
ductance) is limited by the stoichiometric capacity of 
the monolayer (20 A? per ion for quartz [6]), whereas 
the charge of the surface layer of low, but finite thick- 
ness, in fact, can have any value. It is important that the 
monolayer model has no free parameter that can pro- 
vide the high additional surface conductance indepen- 
dent of the surface potential value. This fact means that, 
at high surface potentials, the additional surface con- 
ductance is strongly connected with the Bickerman sur- 
face conductance. Thus, when the high values of the 
C-potential and of the additional surface conductance 
are observed simultaneously, we can unambiguously 
conclude that we are not concerned with a monolayer 
(with a thin surface layer). 


A model of the surface with mosaic charges is 
required to explain the additional surface conductance 
observed in the vicinity of the isoelectric point at very 
low C-potentials. According to Zhukov, the surface 
must contain fixed charges with opposite signs in quite 
equal amounts (which provide the low surface poten- 
tial). The diffuse plates surroundings these fixed 
charges produce, according to the Bickerman mecha- 
nism, a surface conductance whose values depend on 
the total adsorption of ions of all types, but not on the 
mean surface potential. The mathematic theory corre- 
sponding to this model is rather complicated because 
we must consider the polarization of each individual 
fixed charge in detail. We suppose that the model con- 
sidered in this paper, which allows quasi-equivalent 
adsorption and finite surface conductance at a low sur- 
face potential, is a rational alternative for the model of 
mosaic charges. Physically, the quasi-equivalent adsorp- 
tion implicitly supposes that a surface has a mosaic 
charges and the distance between them is close to the dis- 
tance between adsorbed ions. The contribution of the 
concentration polarization of the individual adsorbed 
ions decreases when the adsorption increases and the 
sizes of mosaic sites decrease. Therefore, these two mod- 
els can be considered as independent approximations 
based on similar physical ideas. The relation between 
them may be the subject of further investigation. 


POSSIBLE MEASUREMENTS OF THE 
ADDITIONAL SURFACE CONDUCTANCE 


The main methods of measurement of surface con- 
ductance are conductometry, which registers the contri- 
bution of particles to the total electric conductivity of a 
suspension, and low-frequency dielectric dispersion, 
which measures the frequency dependence of the parti- 
cle contribution to the dielectric constant of the suspen- 
No. 5 
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sion. To recover a phenomenological parameter — the 
surface conductance — from these measurements, the 
theoretical models are needed. They are well developed 
for particles with a thin electrical double layer (Ka > 30, 
where a is the radius of a spherical particle). The con- 
ductometric theory indicates that the surface conduc- 
tance is included in the measured effect as a Rel para- 
meter: 


Rel = K, /(Ka), 
where K is the electrical conductivity of the dispersion 
medium. The Rel value appears in the equations of the 
conductometric theory as a polynomial and, therefore, 
very low Rel values cannot be detected together with 
bulk conductivity, whereas very high Rel values are 
slightly detectable because of saturation. In fact, the 
Rel values can be reliably measured by the conducto- 
metric method when they are within the 0.2 < Rel < 5 
range. 
We denote the dimensionless surface conductance 
as Ks: 
K, = KsK/x«. 
Then, the expression for Rel takes the form: 
Rel = Ks/ (ka). 
The inequality Rel > 0.2 corresponds to the inequality 
Ks20.2Ka>6; 


this value is the minimum surface conductance that can 
be reliably. measured by using conductometry. 

Low-frequency dielectric dispersion depends on the 
surface conductance in a different way. According to 
[12], the maximum relative increase in the dielectric 
constant of a suspension Aé/e is 


At _ 9 ov uqy?_—Rele 
e 16 (1+Rel)” 


where © is the volume fraction of the particles. Taking 
into account that the dependence Ae/e on the volume 
fraction is linear up to @ = 0.1 and the minimum mea- 
surable value of Ae/e is 0.001, we obtain 


Ks>0.1. 


Thus, the effect of low-frequency dielectric disper- 
sion is far more sensitive to low values of the surface 
conductance and, therefore, it has some advantages 
especially at relatively high concentrations of an elec- 
trolyte. 


THE ADDITIONAL SURFACE CONDUCTANCE 
OF THE ADSORPTION LAYER 
OF A POLYELECTROLYTE 


The area of application of the above theory is not 
restricted to classical colloids (oxides): the description 
of the surface layer and, in particular, of the additional 
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surface conductance of biocolloids is of great interest. 
Biocolloids can be considered surfaces covered by a 
more or less thick layer of a polyelectrolyte, and imper- 
meable to ions. In this area, and in the field of porous 
surfaces, in general, strong emphasis is placed on the 
studies of the structure of an equilibrium electrical dou- 
ble layer [13]. In this work, the structure of the electri- 
cal double layer was studied in a more general and 
complex way compared to our article: the possibility of 
fixed (independent of the ion concentration in solution) 
charges existing both on the solid—gel interface and in 
the gel bulk was considered. In studying the polyelec- 
trolyte adsorbed layer, Mishchuk and Dukhin acknowl- 
edge the small jump in the potential in the adsorbed 
layer. In our work, we assume that this jump can be 
neglected. Our model of the formation of the gel-layer 
charge based on the concept of the equilibrium 
exchange of ions between the solution and the gel is 
directly applicable to ampholytes and slightly dissoci- 
ated polyelectrolytes. Most of the proteins and other 
polyelectrolytes of natural origin fall into this category. 
The choice of the parameters corresponding to the 
polyelectrolyte adsorbed layers for the model under 
consideration and a detailed investigation of the rele- 
vant cases can be the subject of an individual paper. 
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NONONHMTEIbHAA TOBEPXHOCTHAA TTPOBOAMMOCTB TOHKOTFO 
IOPHCTOLO MOBEPXHOCTHOIrO CHOA KOJIONTHOMW FACTHHBI 
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* Hucmumym 6uokonaoudxot xumuu Axademuu HayK Ykpaunot 
252680 Kuee, npocnexm Bepnadcxozo, 42 
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*** Hucmumym KoAAoUudHKoll XUMUU U XUMUL BOdvL AKademuU HayK YKpauHot 
252680 Kuee, npocnexm Bepuadcxozo, 42 
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TlononHuTebHad MOBEpXHOCTHadA NPOBOAMMOCTh (IMM) - sto u36nITOK O6mjeH MOBepxHOCTHOH MpoBo- 
yumoctu (OFT) Hay mpoBoquMmoctEio Audy3Horo 31eKTPHYECKOTO CNOA. TeopeTwueckHi pacueT 9TOH 
BCNHUMHbI CTPOMTCA Ha OCHOBE NpesCTABMCHHA O NOPHCTOM NOBEPXHOCTHOM Coe KOJNOMAHOM WaCcTHUBI. 
3apsay nopucroro cmos ONMCbIBaeTCA H30TEPMOK IlrepHa—Jlenrmropa. KouKpeTuple pacuerbl BbIMOHE- 
HbI IA YACTHOTO Cy4adA TOHKOTO NOpHCTOroO COA, KOTa MO2XKHO npeHeOpeub H3MCHEHHEM NOTEHIMAIA 
no ero TomuHe. MloKa3aH0, UTO CHIIBHO 3apsKEHHBI CNOM WaeT Maslyto WOOaBKy K MNOBEpXHOCTHOH Mmpo- 
Bogumoctru (LIM) qudcpy3Horo cod, a pH MasOM 3apaye CIOA JIMI npeo6nanaet. Ormeyeno, TO AA 
W3MepeHHA MaJIbIX 3HAYeCHHH IIIT cnenyer ucnonb30BaTb 3cpcexT HH3KOUAaCTOTHOH AMCHeEpCcHy WH9IeKT- 


pw4eckoit MpOHHWaeMocTH. 


BBEQEHHE 


Baxnasit pOb NMOBEPXHOCTHOM 31eKTPOMpoBO]- 
HOCTH KOMNOWDYEIX WacTuy B OOneH KapTHHe 3J1eK- 
TPOKMHeTu4eCKHX ABJICHHH B HaCTOMMee BPeMA HE 
NCyJIEKHT COMHEHHIO. MHOTOUMCIeEHHbIC NpAMbIe Hi 
KOCBeHHbIe SKCIepHMeHTAIbHble WaHHble (31eKTpo- 
IpOBOPHOCT, 21eKTpodope3, AMCHepCHA WUSNCKT- 
pwuecKoH NpoHuyaeMocTH), cOOpaHHbIe JIA pasHo- 
OOpa3HbIX OGbEKTOB, ACHO MOKAa3bIBaIOT, UTO M0- 
BePXHOCTHBIM COM WHCIePCHbIX YacTHly oOmayqaeT 
NOBbIMIEHHOM IIEKTPONpOBOAHOCTHH. B nacTroaulee 
BPeMA JOCTATOYHO pa3BUTbI TeOpeTH4eCKHe MOAeIA 
cbeHOMeHONOrHYeCKOLO YPOBHA, NOSBONIAFONIME Npey- 
cKa3aTb BIMAHMe 3anqaHHoH III] Ha nepeywucneHHEre 
BbIle s¢pdeKTbI (M HaOGOpOT, MO3BOIAIOMIMe pac- 
C4YHTaTh HEH3BECTHYIO NOBEPXHOCTHy!O MpoBoyy- 
MOCTB 110 H3MeEpeHHAM 3THX 3cpcpeKTOB). 


3HautTenbHo MeHbule chemaHo B OOnacTH dbu3H- 
yecKoro MofemupoBaHua camoro npouecca IIIT, ko- 
TOpOe JOIMKHO OTBETHTS Ha BOMpoc: 4eM ONpeyemsA- 
eTca Ta WIM MHad BemmuHHa III] (u Haodopor: o ka- 
KWX BHYTpeHHHX CBOMCTBaX MOBeEpXHOCTH MO2XXHO 
Cy{HTb Ha OCHOBaHHM 3HaHa STO MpOBOAMMOCTH). 
Tlonroe BpeMa eHHCTBEHHBIM pe3ybTaTOM TaKOro 
poyfa 6bia cpopmys1a Bukepmana [1]: 


IFC ey = 2 
Koy = ee (D' (6-1) +D (8-1), 
8nF C 
Tye K = Rr o6paTHEI yeOaescKkH papnyc, 


D+* — xosdcpunmentel WucPpy3u4 KaTHOHOB HM aHHO- 


Hos, 6 — 6e3pa3MepHbIM 9JIeKTPOKHHETHYECKH M0- 
TeHUMal (3}ecb H anee B paOoTte OyfeT HCNONb30- 
BaThcaA Ge3pa3MepHblii NOTEHUHAN, CBA3AHHBIH C pa3- 


mepubim © coorHomenuem C = FC /RT). Mexanu3m 
BukepMana sBIAeTCA HaCTONbKO xe OODIMM, Ha- 
CKONbKO OONIHM ABIAeTCA CaM AuCpcpy3HbIi TBOKBOK 
anekTpHyeckni cnow (JIC). Opnako wuTepmpeta- 
UMA Pe3yIbTaTOB MHOTOUMCIICHHBIX 3JIeKTPONOBepx- 
HOCTHbIX H3MepeHHii NoKa3aya [2], aro 414 OONDIAH- 
cTBa OO beKTOB HaOIOaeMbIK 3eTAa-MOTeEHLMaII Cri0- 
co6eH OGBACHHTE NocpepcTBOM cbopmymbi (1) 2H 
HeOOMBIy1o0 Jono HaOmogaemow TIT. Takum o6pa- 
30m, OITIII Ks MoxkHO MpefcTaBuTh B Bue 


Ks =Kgq + Ksg, (2) 


roe Ksg — OukepManosckaa TINT (BIIM), onpezense- 
mas dbopmys10% (1), Ks, — WNT, npupopy xoropos 
HeOOXOHMO BbIACHATb. 

B mogenn [lyxnna—Cemenuxuna [3] nonaraetca, 
yto JIIIII peanu3yetca B ruy{poqHHaMuyeckH Heno- 
BYwKHOH YacTu Auddy3HOrO ABOMHOFO JeKTpHAe- 
ckoro cos. Takum o6pa3om, nomHas IIIT qaetca 
cbopmynou (1), B KOTOpy!o BXOAMT NONHDIM CKAdOK 
notenuHana B LOC Vs, npeBbmmlaromiui 31eKTpo- 
KHHeTHUeCKHH HoTeHyHan €. ITa MOWeNb MOXET 
6bITb OGoralljeHa 3a CdYeT NpepMoO*RKewHA, 4TO N0- 
]BEXKHOCTH HOHOB B TW{pORMHAMHYeCKH HeNOABUX- 
HOM Cyl0e MeHbINe OOLeMHBIX 3HaueHHH. 


B yaHHoi paGote MbI OyjleM M3y4aTb Apyry!0 Mo- 
[leulb, B paMkKax KoTopoii JITITI peanusyerca B Tak Ha- 
3bIBAeMOM HOPHCTOM NOBepXHOCTHOM coe (MHate 
reJIb-c0e), NOKPbIBAIOWJEM KOJINOWIHbIC YaCcTHUBI. 
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TONOTHHTEJIBHAA TIOBEPXHOCTHAA HMPOBOHMMOCTb 


TIpeycraBneHHe 0 NOPHCTOM MOBePXHOCTHOM cyJI0e 
BliepBble ObiIo BBe_eHO JIuKemo#n [4] qa OObsACHE- 
HMA H3MepeHH NOBepxHOCTHOrO 3apaga. C Tex nop 
NOABHICA pag pa6oT, pa3sBHBalOLUHX STY MOC NIpH- 
MeHHTeJbHO K IIpouleccy TATpoBaHua cycnen3uH [5, 6], 
O]HaKO B TEOPHH JJIEKTPOKHHETHYUCCKHX ABJICHHH (B 
yacruoctTn, IIII) sta Mogenb 90 cup Nop ACcIOB30- 
Bajlacb O4eHb cabo. 


OBINAA TOCTAHOBKA 3A] AUN 


PaccMOTpHM 3JICEKTPONHT MPOM3BOMbHOrO COcTa- 
Ba, COMepXKaluM HOHBI C allreOpaWyecKHM 3apsOM Z; 
(Z; MONOXKHTEIbHbI [It KATHOHOB WH OTPHIUaTeJIbHbI 
]\JId AHHOHOB) B KOHWeEHTpaumax C; (i= 1... N, N—anc- 
0 COpTOB HOHOB). B paBHOBeCHH C 9THM pacTBOpOM 
HaxOMTCA NNOCKHH NOpHCTLIM ciow TonuHHOH H, 
NOKpbIBalOlWHH HENPOHBUAeMBIH [1d HOHOB OObeEM 
yacTuubi. Moubl MoryT aycopOupoBaTbca B NOpHc- 
TOM cwloe COrmacHo ypaBHeHuio [7] 


4, = BREE 4 


i -z,¥ 
1+K,Cje ° 


rye K; — KOHcTaHTa aycopOuMOHHOrO CpoycTBa WIA 
noua J; QO; — KOHIeHTpalyaa ay}cOopOUMOHHBIX WEHTpOB 
yaa wona J; ‘Y — snekTpnueckui norenyman. IIpey- 
TIOJIOXKHM, UTO aCOpOupoBaHHbie HOHBI HMECIOT KO- 
adcunnent puddy3uu D5, MeHbIIMA YeM OObEM- 
HbIM KOacduuHeHT D;. Torga BenM4nHa JONOHH- 
TenbHon III] seipasutca cbopMys0n 


2 H 
F . 
Kou = pedis JA dx, (4) 
0 


(3HakK »y 3HCCb H asee O3SHAIACT CYMMHPOBaHHe TIO 


BC€M COPTaM HOHOB: = > =i 


YUToOb! BEIYHCIHTE BHTerpalibl B (4), paBHble 13- 
ObITKaM HOHOB B MOPHCTOM CiOe, MbI JOJDKHBI pac- 
CYBTaTb Npo@wib NoTeHuMaa 43 ypaBHenus ITyac- 
coHa—bonbijMaHa HW COOTBETCTBYIOLIMX KpaeBbIX yC- 
JIOBHH. 


VWuHTyHTHBHO ACHO, JTO KIOUeBbIM apaMeTpoM, 
onpexers1onyuM Npodunb noreniara B MOBEpxHO- 
CTHOM clloe, ABIAeTCA TONUMHA JIC B rene: ecnu 
TONMMHAa NOBEPXHOCTHOYO COA HAMHOLO IpeBbillla- 
eT TonumHy JIC, npakTHueckH Bech NOBEPXHOCTHbIii 
CIOH HMe€eT NOCTOAHHBIM NOTeHIHal, Ha3bIBaeMbIn 
JOHHaHOBCKHM IIOTEHWMAasIOM. ITOT NOTeHWHal co- 
OTBETCTByeT QJIEKTPOHEHTpaNbHOcTH ca3bl ress: 
ero BeJIH4HHa H 3HaK TaKOBbI, UTO OH IpensaTcrByeT 
aycopOuHH CHIbHO aycopO6upyrollHxca HOHOB, HMe- 
YOUHX BbICOKOe CPpOfCTBO K NOBeEpXHOCTH (NoTeHUHal- 
ONpeyeAOWI“X HOHOB) H chlocoG6cTByeT agcop6uHnH 
M5 1994 


KOJIJIOWTHBIM 2KKYPHAI ~— tom 56 
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Puc. 1. Pacnpeyenenue noTeHi\vana B NOBeEpxHOCTHOM 
cnoe: / — TOHKHH H3I0NOTeHYMaNbHBIA renb-cnoh; 2 — 
renb-cioh NpOMexyTOYHON TONMHHbI; 3 — HeorpaHH- 
YeHHO TONCTHIM remb-cnon; 4 — renb-ciolt; 5 — HenpoHu- 
IjaeMbIN AIA HOHOB OObEM YaACTHUDI. 


HOHOB, HMCronyyx HH3KOe CpOCTBO. YpasByenne ANA 
MOHHAHOBCKOLO NOTCHIMala Wp UMeeCT BH 


YizA(¥) = 0. (5) 


Tjaxe B TOM Cllydae, Kora NOTeHUMa BHYTpH M0- 
BePXHOCTHOLO CJIOA YMepeHHOH TOJIMMHbI He JOCTura- 
eT 3Ha4eHHA JOHHAHOBCKOPO NoTeHuHMaa (puc. 1), m0- 
CieHHM OCTaeTCA BaxXHBIM H yIOOHbIM lapaMeTpoM, 
OMpe{eAIONIHM CBOHCTBA MOBEPXHOCTHOTO CJIO#. 

Ecnm TonmHHa MOBepxXHOCTHOrO cJIOd _HAaMHOrO 
MeHBbIUe TONUMHBI JIC, TO MOTeHMaN BHYTPH TaKo- 
TO CNOA MpakTH4ecKH NOCTOAHEH (POpMaIbHO 3TO 
cileflyeT 43 YCNOBUA OTCYTCTBUA NOBEPXHOCTHOTO 3a- 
pafa Ha rpanutle TBepyoe Ten0-remb-cm0u, T.e. pa- 
BeHCTBA HYJIO MpOH3BORHOK OT NOTeHUMaa B ITOH 
Touke). Tako NOBepXHOCTHBIM co MOXHO Ha- 
3BaTb H30NOTeCHIMAIBHbIM. 


M30NOTEHUMAJIBHBIN 
MOBEPXHOCTHBIM CJION: 
KAYECTBEHHBIM AHAJIV3 


Utax, B H30NOTeCHIMaIbHOM NOBepXHOCTHOM 
coe noTeHuman paBeH C-norenymany wu Bcerja 
MeHbIie 110 aGCOIOTHOH BEAHUMHE, EM JOHHAHOB- 
CKHH NOTeHIMal. ITOMy COOTBeTCTByeT Gomee HIM 
MeHee 3HaUHTebHOe NpeBaIMpoBaHHe KOHIeHTpa- 
UHH NOTeEHIMANONpeeAIOWAX HOHOB (KOTOpbIe B 
nudy3How yactu JIC sapnaiotca KOHOHaMH) Hall 
KOHIeHTpalven MpOTHBOMOHOB. HackonbKo BeMHKO 
OyeT STO HepaBeHCTBO — 3aBHCHT OT OTHOMMECHHA af- 
COpOUMOHHBIX CpOJCTB KO- H IIPOTHBOHOHOB. Bon- 
INOMY OTHOIICHHIO CpOJICTB COOTBETCTBYyeT BLICOKHH 
C-noTeHiHall HW BbICOKOe OTHOMIeHHe KOHUeHTpa- 
WH; NpakKTHYeCKH MOXHO FOBOPHTb, ITO B 3TOM 
cily4a2e MpOTHBOHOHDI BOOOIIe HCKIIIOYAIOTCA 13 N0- 
BePXHOCTHOLO COs H ero 3apay OIpepemAeTCA OMHH- 
MH KOHOHaMH. IIpu Masiom pa3mMunM cpojcTs C-m0- 
TeHIMall HEBEJIHK, KOHUCHTpalla KO- HM IIPOTHBOHO- 
HOB pa3IHYalOTCA He3HaYMTebHO, T.e. HMeeTCA 
KBa3HOKBHBaJIeHTHad aqcopobuna [8]. 
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Yro6pi IIIT soo6uye Morma uMeTb MeCTO, HeEO6- 
XOHHMO MIpeANONOXKUTb, YTO aCOpOHPOBaHHbIe B 
IIOBEPXHOCTHOM CJIO€ HOHbI HMCJIH HeHyJeBy!O N10- 
yemxHoctTs. Ha Halll B3rAy, HET aMpHOPHbIX OCHO- 
BaHHA OTBEpraTb BO3MOXHOCTh TaKOW MOABEDKHOC- 
TH KaK JI KOHOHOB, Tak H [1A IpOTHBOMOHOB. ]]1Aa 
ynpomeHua aHau3a MbI GyfeM NonaraTb, 4YTO BCe 
9TH NOJBWOKHOCTH OfMHaKoBBI: D;, = Ds. B TakoM 
cnyyae JITIIT mponopymonanbna cyMMe aOcom1oT- 
HbIX BEIWYMH 3apsAOB BCex ayCOpOHpOBaHHBIX HO- 
HOB (a IPH HasIM4HH TONbKO 1-3apsaf{HbIX HOHOB — 
cCyMMe aylcop6uHi JI BCX COPTOB HOHOB). 


Takum o6pa30M, np BbICOKOM C-noTeHHase 
QI nponopywonaipya 3apaqy mopepxHocruoro 
COM; HO 3TOT 3apAJ, B CBOIO OYepesb, paBeH IIEKT- 
PoKHHeTHYecKoMy 3apsqy quddy3How yacru [TOC, 
a TOT NocueqHHK 3apaAy ONpeyenseT O“KeEpMaHOB- 
CKy!O COCTaBIAIONIyIO OOujeH NOBeEpXHOCTHOH Npo- 
BOHMOCTH. TaKHM 06pa30M, MOXHO OXHaTb, UTO 
IA JOCTATOYHO CHJIbHO 3apsKeEHHBIX YacTuy JLT 
6ypeT B y4llIeM cCly4ae COH3MepHMa C OAKepMaHOB- 
cxou (BIII]), 6onee sepostuo, uo JIIITI 6yzer cy- 
IeCTBeEHHO MeHbue BIT] B cary Mano NOABHOKHO- 
CTH HOHOB B NOBEpXHOCTHOM cJloe. 


Tipu nu3kom C-noTenumane, Korqa BO3MOxKHAa 
KBa3H9KBMBaIeHTHad acopOuma, CyMMa aycopO6uHi 
MOET CYLIECTBEHHO NIpeBbIWaTb HX pa3HOCTE, T.e. 
3apA]| MOBEPXHOCTHOTLO CJIOA, PaBHbI 9IEKTPOKHHE- 
THYECKOMY 3apsxAy, MOXKET COCTABIAT JIMIIb MaJy1O 
yacTb OOWero YHCIa HOCHTeeH 3apsya B NOBEpXHO- 
CTHOM cyloe. B 3TOH CHTYal{H#H BO3MOXHO PellIHTesIb- 
Hoe JOMHHEpOBaHHe JITITI Hay GakepMaHoBCKO, H 
wu3MepeHHe [III necer nmpamyto HH@opMalHio Oo 
CBOHCTBax CaMOFO NOBeEpXHOCTHOYO CJIOA. 

Vrak, aia w3yuenna IIIT vacruupi c TOHKEM H30N0- 
TEHIMaJIbHbIM NOBEPXHOCTHBIM CJIOeM CHTYyAallaH C BBI- 
COKMM MH HH3KHM C-lIOTeHIMaJIOM CyIIeCTBeHHO pa3- 
JMYHbI: NPY BbICOKOM C-noTeHIMasIe MOXKHO OXH]aTb 
OMHHupoBaHua BIIII wag IIIT, a mp Ha3Kom C-no- 
TeHIMae BO3MOXKHO npeoGnayanue JIT] way BIT. 
B cneyyroujem pa3ylene MbI MpHyayqiM KOIM4eCTBEH- 
Hy!0 (OpMy 9THM KayecTBeHHBIM CoooOpaxkKeHHaM. 


C I 
75 
2 
3 
2.5 
2 6 Yp 


Puc. 2. 3apucumocts C-noTeHuana TOHKOrO NOBEpxHO- 
CTHOFO COA OT JOHHAHOBCKOLO NoTeHHalla W NapamMeT- 
pav: v=0.1 (J); 1 (2); # 10 @). 


XKAPKHX u pp. 


M30NOTEHIMAJIBHBIA 
TIOBEPXHOCTHBIM CIION: 
KOJIAWECTBEHHOE PACCMOTPEHHE 


YnpoctuM o6ujee ypaBHenHe agcop6unu (3) 3a 
CYeT HCNONL30BaHHA NpHOmwxKeHua Teupu. Byyem 
CUMTAaThb, YTO KOHUEHTpal{a HOHOB HaCTOJIbKO MaJIbI, 
YTO HaCbILNeCHHEM H30TEPMbI MOXKHO NpeHeOpeys: 

-z¥ -z¥ 

= 0,K,C;e =GCe, (6) 
rye G; = O;K;. 1a qanbHeluero ynpomenna Oyfem - 
NOMaraTh, YTO BCE HOHbI B CACTEME HMEIOT 3apsAy H- 
60 +1, nu60 —1. (OTH ynpomjeHHA NO3BOIAIOT BbIe- 
JIHTb XapaKTepHble YepThI 3ayjauw Ha done O4eHb 
6onbWIOrO KOMUYeCTBa NapaMeTPoOB, IIpucyero Ha- 
lei 3afaye B HCXOJHOH NOcTaHoBKe.) O603HadHM 


ee 


Z,=+1 z= -1 


Y GC; T= ¥ DGC, 


z,=41 z,=H1 


CnepyeT O6paTuTb BHHMaHHe Ha OYeHb CHJIbHOe 
BbIPOXJeHHE MCXOAHOM 3ayauH: NpH 060M 4AcHe 
COPTOB HOHOB 3apxj MOBEPXHOCTHOYO CJIOA BbIpaxKa- 
eTca Yepe3 2 KOMOHHMPOBAaHHBIX Napametpa (S* u S), 
a [IIT] — uepe3 4 raxux napametpa (S* u T*), rorya 
Kak O6ulee 4HCIO NapaMeTpoB 3ajy{a4H paBHo 2N. Ta- 
Kaa OCOOeHHOCTE paccMaTpHBaeMOH 3aj\a4H CyuyecT- 
BeHHO 3aTPyHACT BOCCTaHOBNeHHe MHAMBAYyalb- 
HbIX XApaKTeCPHCTHK OTJCNbHbIX COPTOB HOHOB, Tak 
Kak OOBIYHO pH aHaiH3e 9KCIepHMeHTAJIbHbIX JlaH- 
HbIX IPHXOJHTCA YUHTEIBATh HE MeHee 4 COPTOB HO- 
HOB (KaTHOH HM AHHOH (PoHOBOTO SIACKTPONHTa, HOHbI 
BOOpoga HW THpOKcwua). 

YpasHenne gua C-noTeHyMana MbI nonyyaeM, 
IIpHpaBHHBad 3apxaA, NOBEPXHOCTHOTO cIOA 3apany 
nucdy3xoro JISC [8]: 


4nF'H (stot _ sey = 2exsht/2 (7) 
RT 
WI 
2C 
sh(W,-¢6) =vsh6/2; v=—— =. (8) 


re 
KHVS'S 
IIpu BpiBoge (8) npHMeHHIH ypaBHeHHe AIA JOH- 
HaHOBCKOrO NOTeHUMasa (5), KOTOpoe C HCNONB30- 
BaHHeM BBEACHHDIX Bbilie O6O3HAaYeHHH MmpHobpe- 
TaeT Buy 


Se ase, WV, = sin (S*/S). 


3apucumocts C-noTenumana oT NapaMeTpos ‘pu 
V 10Ka3aHa Ha puc. 2. MbI BHMM, 4TO pH V = | 9Ta 
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- HOMONJHUTESIBHAA TIOBEPXHOCTHAS MPOBOTMMOCTb 651 


3aBHCHMOCTh mMHeHHa; IPH MOCTOAHHOM JIOHH@HOB- 
CKOM TloTeHivasie ¢-norenuman PacTeT C YMCHbITICHH- 
€M V, T.€. C DOCTOM TOJIDJMHbI NOBEPXHOCTHOLO CJIOA. 


Buipaxenne quia [TIT] npno6pertaer sun 


2 (9) 
= ae AS*S ch(¥,-6), 


a OMKepMaHoBcKas CocTaBliaromjad IIIT (1) mpumer 
BHI 
4F°C,D 
Ksp = —pr ~ (chG/2-1), (10) 
(3]eCb JONOMHHTEAbHO NpepsNoONOXeHO, TO Bce OOb- 
eMHbIle KOo**puleuTHI! Auddpy3uu paBust: D; = D). 
OrtHomlenve 9Tux yByx uacTeit IIT] pasuo 


pe 
Ks, _ Dych (‘¥,- 6) é D,N1+v'sh'C/2 (1) 
Ks, Dv(chO/2-1) = Dv (chG/2—1) ’ 
(mocneyHee paBeHCTBO MomyyeHO c yyeTom (7)). 
IIpeyenbHoe 3HayeHHe ITOFO OTHOMMEHHA Np BBICO- 
KoM C-noTeHuMasle paBHo 
Ks, = Ds 
Kp o> 


Takum o6pa3om, JITIT] roukoro cubHo 3aps>KeHHO- 
TO NOBEPXHOCTHOLO CuIOd BCeryja MeHbWe BITII pudp- 
dysHoro J[OC. Tipu npowsBonbubix 3Hayenuax Vp 
rpaduk 3aBucumoctu (11) noKa3aH Ha puc. 3. 3yecb 
\aHbI KPUBbIe, COOTBETCTBYIOLNIMe H3MCHEHHIO Mapa- 
MetTpa V B 100 pa3, T.e. KonyeHTpauuu B 10000 pas. 
ITO NPHBOYHT, OHAKO, K BECbMa H€3HAaUMTEJbHbIM 
BapHallwaM B OTHOWeHHH K;,/Ksp: OTHOMWeHHE 
HavOobWeroO H3 BbIYMCICHHbIX 3HaYeCHHHM K 
HaMMeHbllieMy He npeBbiuiaeT 5 (npx ¢ = 0.25). 
TakaM O6pa30M, MOXHO DpHOmwKeHHO MoNarats, 
4TO NIpuBeeHHoe Ha puc. 3 OTHOIMeHHe BOObUTe HE 
3aBHCMT OT KOHI[CHTpallMM ZIEKTPONMTa H OMpeye- 
JIACTCA TONbKO JOHHAHOBCKHM NOTeCHIHAaIOM, T.e. 
COOTHOMIEHHEM agcopOuHOHHbIX cpoycTs. M13 puc. 3 
BHHO, YTO OHKeEpMaHOBCKas COcTaBistonsan IIT 7o- 
MuHupyeT pu C > 2, a TIT — npa C < 2 (sro ornome- 
He He€OrpaHH4eHHO BO3pacTaeT C yMeHbIIIeCHHeM V, 
TaK KaK B H309JIEKTpHyeckou TouKe BIIIT pasua ny- 
ro, a J[IITI uMeet kone unoe 3Ha4eHne). 

PaccmoTpHM Gonee AeTaibHO MoBeyjeHHe BelH- 
4HH Ks,  Ksp (puc. 4, 5). Ecnu paccMatpupats ax 
Kak (byHkuuu C-noTenuuaa, To BIII, ecrecrsexuo, 
He 3aBHCHT OT MlapaMeTpa V, KOTOpbIli xapakTepu3yeT 
BHYTPeHHHe CBOMCTBa NOBEPXHOCTHOTO Clos. 3Ta Be- 
MH4HHa BO3pacTaeT NponopyoHanbHo C? npa HU3KHX 
C-norenijuasax 4 nponopuvonanbuo e/? — npu BBICO- 
kux C. STHM npef[esbHbIM CAyYadM COOTBETCTBYIOT 
Ba JIMHeEHHBIX y4acTka Ha rpacpuKe puc. 4 B nomyno- 
rapHdMu4yeCcKHX KOOpyHHaTax. 


KOJINIOHDHBIM KYPHAT 1tom56 NOS 1994 


Ks,/Ksp 


“0 2.5 5.0 7.56 
Puc. 3. 3aBucuMOCTL OTHOLMeHHA FONONHNTeNbHON TIT 


Ks, K OukepManoscxoi IIT Kop or C-norenumana xv na- 
pametpa v: v=0.1 (J); 1 (2) 4 10 (3). 


Ksa/Ksp 


0 2.5 5.0 75 6 


Puc. 4. 3aBucumocts JITITI Ks, (/ - 3) 4 6akepManoscKon 
TI Ksp (4) or C-norenuuana v mapametpa v: 0.1 (/); 1 (2) 
¥ 10 (3). 


0.02 
0.01 


0 2.5 5.0 7.5V 


Puc. 5. 3apucumocte JITIII Ks, or napametpa V 4 OHHa- 
HOBCKOrO MoTeHyHasa: ‘Pp = 0.25 (1); 1 (2) H 5 (3). 
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Benuuuua JITITI odepugHbim o6pa30M 3aBHCHT OT 
KosdduyHenta Fuddy34H HOHOB B MOBEPXHOCTHOM 
cioe (qa yHOOcTBa aHaiM3a MbI 3aj|ay[MMca 3Hade- 
HueM D,/D = 0.1; Ha rpacbuKax 9Ta 3ABHCHMOCTb He 
mloKa3aHa). Fopa3q0 Gomee COXKHBIM XapakTep HO- 
CHT 3aBHcuMOCcT®S JITITI oT mapamertpa Vv (puc. 5), Ko- 
TOPbI He MMeeT HarIAHOrO (PU3H4ECKOLO CMBICHA. 
V Me\JICHHO BO3PacTaeT IPH YMCHbIICHHH KOHIJCHT- 
pauwa Cy, BO3pacTaeT IPH YMECHBbINeEHHH TONMUIMHbI 
MOBEPXHOCTHOYPO CJIOM HW ME]JICHHO yObIBaeT IIpH BO3- 
pacraHuu Koucrant Teupu G*. H13 puc. 5 BayHo, ¥TO 
TIIT] so3spacraeT Ip yMeHbUIeHHH V; STO yBemH4e- 
He OCOOeCHHO 4YBCTBHTENLHO pH Malibix Vv. B 06- 
IN€M MOXKHO CKa3aTb, YTO YBeEIHYeHHE TOJLIMHbI 
cosa nosbimaet JIT. 


M30NOTEHUMAJIbHbIM, 
MOBEPXHOCTHBIN CJION 
UW OPYrME MOEN 


Mogenb TOHKOrO H30MOTeHUMaNbHOTO MOBepx- 
HOCTHOrO CJIOA, B KOTOpOM agcopOupyroTca MoTeH- 
WManonpesenaroulMe HOHBI, He ABJIACTCA C]MHCTBEH- 
HO BO3MOXHOH Mopebto, o6sagaromen TTI. B na- 
yuHOH maTepaType paccMaTpHBaIOTCA MOjeJIb 
3aps>KeEHHOTO afcop6uvOHHOrO MoHOcIOR [2] 4 Mo- 
[eb MO3aH4HO 3aps>KeHHOH moBepxHocTy [9 - 11). 


@opMaNbHO MOfeNH MOHOCHIOA HM TOHKOTO M0- 
BEPXHOCTHOLO CJIOA He pa3IM4aIOTCA, TAK KaK B OGe- 
MX MO[eAX BCe ayjcOp6upyrOLMeca HOHbI HaxOfAaTca 
B PaBHBbIX YCOBHAX, IPH OJHOM HM TOM Xe NOTeHUM- 
ane. Pasmmuve Mexf,ly HAMH — COJ]EpxXKaTeJIbHOe: e€c- 
JH B MOJCNH MOHOCIOA MaKCHMAJIbHbIM 3apay (Hu, 
CHeOBaTebHO, MaKcHMasbHad JAIITI) orpannuen 
CTEXHOMeTpHYeCKOH eMKOCTbIO MOHOCHIOA (ANA 
kBapua 3TO ~20 A? Ha OfMH HOH [6]), TO MoBepxHocT- 
HbIM CHOW MasIOH, HO KOHCYHOM TOJLIMHbI MOXKET He- 
CTH mpakTwyeckH 11060 3apsy. BaxkHO OTMeTHTD, 
YTO MOMC€b MOHOCIOA He HMeeT CBOGOMHOrO Mapa- 
MeTpa, 3a C¥eT KOTOpOrO OHa MOrsa Obl OGecreuH- 
BaTb BbIcoKy!0 JJIIII] HesaBucuMo OT 3Ha4eHHA M0- 
TeHUMasa NOBEpXHOCTH. ITO O3HAaYaeT, 4TO MIpH BbI- 
COKHX moTeHUManax nosepxHocTu [IIIT] xecTKo 
npuwBasava K 3Ha¥eHHto BIIIT; Takum o6pa3om, of- 
HOBpeMeHHasA (PPUKCAalluA BbICOKOTO C-moTeHuvaa H 
BbIcokonw JITII] gocraTouna Ia OJHO3HAYHOLO yT- 
BepX]eHHA, YTO MbI HM€EM eNO He C MOHOCIIOEM 
(He C TOHKHM IIOBeEpXHOCTHBIM CJI0eM). 


Mojgelb MO3aW4HO 3apsxKeHHOH MOBEPpXHOCTH 
Tipu3Bana OObAcHUTD [IIIT], Ha6mropaemyto BOIK3H 
W3031EKTPHYeCKOM TOUKH, MpH OYeHb HH3KHX C-M0- 
TeHuMaax. CormacHo npepzcraBienuam A.H. KyKo- 
Ba, JI STOO HEOGXOAHMO MpeNONOXKUTL Hayne 
Ha MOBeEpXHOCTH (PHKCHPOBaHHBIX 3apsAfOB pa3zIM4- 
HbIX 3HAKOB B MOUTH paBHBIX KOJIMYECTBaX (YTO 
o6ecneuHBaeT HW3KHM NOTeHIMal MOBepxHOCTH); 
nuceby3Hble OOKNaKH, OKpyxKalouje 9TH PuKCH- 
poBaHHble 3apaybi, coszaroT TIT] no OukepMaHos- 
CKOMY MeXaHW3My, BeJIMYMHa KOTOpON onpefenaeT- 


XKAPKHX a gp. 


ca o6ujeH aycopOive HOHOB BCeX COPTOB, a He cpey]- 
HMM TOTeHWMaIOM NoBepxHocTu. MaTemaTuyeckas 
TeOPHA, COOTBETCTBYIOWad STOM MOE, BECbMa 
CO0%KHa H3-3a HeEOOXOAMMOCTH J[eTaIbHO paccmMaTpH- 
BaTb NOMAPH3alHIO KaxK]OrO OTAENbHOrO CpuKCHpo- 
BaHHOro 3apsyja. Ha Halll B3TJIA], paccMaTpHBaeMag B 
WaHHOH paOoTe Mopeb, JONycKarollad KBa3H9KBHBA- 
JleHTHy!O aycop6yHto HW KOHeuHy?0 III] npw HH3KOM 
IIOBEPXHOCTHOM NOTeHUMase, MOXET CLyKUTb pa3syM- 
HOM aslbTepHaTHBOM MOE MO3AHYHO"O 3apaya. Pu- 
3M4e€CKH KBa3H9KBHBaJICHTHad aj[copOlmMa HeABHO 
lipeqmonaraeT MO3aHYHOCTh NOBEPXHOCTHOLO 3apaya 
C pa3MepOM MO3aHKH TOpsy|Ka paccTOAHHA Mex ajl- 
cop6HupoBaHHbIMH HOHaMK; POslb Ke KOHIeCHTpal{HOH- 
HOH NONAPH3allH OTACbHbIX aCOpOM“pOBaHHEIX HO- 
HOB CHHKAeTCA IPH NOBbILIEHHH ayCOpOWHH HW YMeHb- 
IUeHHH pa3Mepa MO3aH4YHbIX yuacTKos. IlostoMy HaM 
IIpeycTaBiaAeTca, YTO ITH [Be MOJeEJIM MOXKHO paccma- 
TPHBaTb KaK He3aBHCHMble NpvONwKeHHA, OCHOBAH- 
Hble Ha 61H3KHXx cbu3sH4ecKHX NpepcTaBennax. M3y- 
YeHHe COOTHOMECHHA MEX ]y HAMM MOXET CTaTb Mpej- 
METOM OTJCJIbBHOH paOorsl. 


BOSMOXHOCTb HM3MEPEHMA AT 


OcHoBHbIe MeTopbI u3MepeHua IIIT — 9TO KOH- 
WyKTOMeTpua, CHKCHpyroniad BKay yacTuy B O6- 
LytO 3CKTPONPOBOHOCTE CycheH3HH, WH HA3KOUAC- 
TOTHAA AMaNeKTpHyeckas AuCnepcua (HUI), B KoTO- 
po w3MepseTCA 4YaCTOTHad 3aBMCHMOCTb BKJIafa 
YaCTHI, B QMOJIEKTPHYeCKY!O MPOHHIWaeMOCTh cyc- 
TleH3HH. TeopeTHuecKHe MOJCJIM, HYXKHbIe 1A BOC- 
CTaHOBJeHHA 3HAYeHHA CPPeHOMEHOOrM4eCcKOrO Ma- 
paMeTpa — NOBepXHOCTHOM MPOBOMMOCTH — H3 9THX 
H3MepeHHH, XOPOMIO pasBUTHI AIA YaCTHI, C TOHKHM 
J]BOMHbIM 9IEKTpH4eCKHM CI0eM (Ka > 30, re a — 
payuyc ccbepuyeckon yacTuubl). Teopaa KOHAyKTO- 
MeTPHH NoKa3biBaeT, ¥TO BenMuHHa IIIT Bxoqur B 
H3MepsxeMbIM Sq=pcekT yepe3 napamerTp Rel: 


Rel = K; /(Ka), 


re K — 91€KTpONpOBOHOCTE JHCIepCHOHHOH cpe- 
whi. Tak Kak BemMuHHa Rel B PopMy/JIbI TEOPHH KOH- 
HYKTOMeTpHH BXOMHT Yepe3 MHOFOUWIEHbI, OUCH Ma- 
ible BEMMUHHBI Rel HeoOHapyXHMBI Ha Poue BKJayla 
O6beMHOM MpoBo_uMocTH, a OueHb SGonbune Rel 
cna6o pa3JIM4HMbI 43-34 Hacblilenua. [IpakTu4ecku 
MOXHO CYMTATb, ITO KOHAYKTOMETpHA MOXET yBe- 
peHHO onpefemuTb 3HaueHne Rel, ecru nocnepHee 
HaxOfMTCca B npeyemax 0.2 < Rel <5. 


O6o03HauHM Yepe3 K s Se3pa3Mepnyro IIIT: 
Ks = KsK/x, 
TOrfa BbIpaxenne ja Rel npumMer Buy 
Rel = Ks/ (xa) , 
HepaBeuctsy Rel > 0.2 cooTBeTCTByeT HepaBeHCTBO: 


K;2>0.2Ka2>6, 
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QOMOJHHTEJIBHAA TIOBEPXHOCTHAA TIPOBOJHMOCTB 


9TO MMHMMasIbHad BerHunHa III], koropaa MoxeT 
YBEPeHHO ONpeseNATbCA METOOM KOHJYKTOMETPHH. 

VWHok 3aBMCHMOCTBIO 9TOH NOBeEpXHOCTHOH Mpo- 
BOJMMOCTH XapakTepu3yetca scpdext HII. Co- 
riacHo [12], MakKCHMaIbHOe OTHOCHTebHOe yBesH- 
yeHHe JM9JICKTPHYeCKOH MpOHMIaeMOcTH cyciieH- 
3nu Ae/€ paBHO 


2 
Ae _ 9 a (Kay? Rel 7 
€ 16 (1 + Rel) 


rye & — o6bemHas ona vacruy. YunTpiBas, 4To J1H- 
HeHHOCTb 3A€BHCHMOCTH BeJIHUHHbI Ag/o oT OO beMHOL 
OH COxXpaHaAeTcaA Oo 3HayeHHA O = 0.1 w 3ayjaBLUCh 
MHHEM@aJIbHO H3MepuMol BeIMUHHOK Ae/e = 0.001, 
NOJy4HM 


K;>0.1. 


Takum o6pa3om, sddexT HJIJ] Hamuoro 6onee uys- 
CTBHTeEI€H K MaJIbIM 3HaueHHaM III], uro qaeT emy 
3HaYHTEJIbHbIe MpeHMyWecTBa, OCO6eEHHO MpH OTHO- 
CHT€IbHO BbICOKHX KOHICHTpallaax 3IeKTpOMHTa. 


OWT ATCOPBLUMOHHOLO CJIOA 
NOJIMSIIEKTPOJIATA 


O6aacTb IPHMe€HHMOCTH H43/10XKeHHOH BbIIIe Teo- 
PHH He OrpaHHUHBaeTCA KaCCH4eCKHMH KOJIIOBDHEI- 
MH OGbeKTaMH (OKHCIaMH); BECbMa 3HaYMTebHBIA 
HHTepec C TOUKH 3peHHA ONHCaHHA MOBeEpXHOCTHOrO 
C04 H, B YacTHocTH, JITIT] mpeycraprsot 6“oKonN0- 
WHbIe OObEKTHI. [locneqHHe MOXKHO paccMaTpHBaTb 
KaK HeMPOHHUaeMble JIA HOHOB NOBeEPXHOCTH, M10- 
KPpbITbIe Gonee HIM MeHee TOICTbIM CIOEM NOHSIe- 
KTposura. B To O6acTH, KaK H B H3y4eCHHH CBOACTB 
NOpHCTOH NOBEPXHOCTH BOOSIE, Bepeyu AyT pa6o- 
TbI NO H3yYeHHIO CrpoeHHA paBHoBecHoro JISC [13]. 
B sTo# paGote crpoenne JIDC paccmotpeno B 6osee 
o6meH H CNOXKHOM MOCTaHOBKe, 4eM B Hallet cra- 
Tbe: YUATbIBACTCA BO3MOXHOCTbh CYIIeCTBOBaHHA 
(bHKCHpOBaHHIX (He 3aBHCALHX OT KOHICHTpalyuu 
HOHOB B pacTBOpe) 3apaAOB KaK Ha NOBepXHOCTH 
TBepfoe TeNO-TreNb, TaK HW B OObeMe rena. ABTOPbI 
NIPpHXOPAT K BLIBODY, YTO IPH H3y4eHHH ayjcop6uHOH- 
HOO COA NOMMSNEKTPONHTAa CIyyak MasIOrO cKauKa 
NOTeHIHaa NO acop6lBOHHOMY CJOIO ABJIAeTCA pe- 
anucruueckuo. B name pa6oTte yKa3aHHbId CKayOK 
CYMTaeTcaA MpeHeOpexKHMO MaJIbIM; NPHHATAA HaMH 


MOJeb POPpMHPOBaHHA 3apAya TeNb-cNOA, OCHO- | 
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BaHHad Ha lIpef\CTaBeHHH O paBHOBECHOM OG6MeHE 
HOHaMH Me2K]ly pacTBOpoM H resem, HenocpejcTBeH- 
HO IIpHMeHuMa K aM@ouuTaM H CnaGoquccouMApo- 
BaHHbIM NONM3ICKTPONMTaM, KAKOBbIMH ABJIAIOTCA 
OoubUIMHCTBO OeKOB HW Apyrux NONMI1eKTPONHTOB 
Ovonoru4eckoro npoucxoxjeHua. Tloy6op napamer- 
POB paccMaTPpHBaeMOl HaMH MOJeJIM, COOTBETCTBYIO- 
IHX aCOpOUMOHHBIM CHOAM NOMMSIEKTPONATOB, 
WeTabHOe H3yY4eHHE BbIABJICHHBIX CyYaeB MOXeT 
CTaTb NpeyIMeTOM OTAeNbHOrO COOOIIeHHA. 
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